An experimental study was conducted to investigate the aeromechanic performance and near wake characterstics of dual-rotor wind turbine (DRWT) models with co-rotating or counter-rotating configurations in comparison to a conventional single rotor wind turbine (SRWT) model in order to elucidate the underlying physics to explore/optimize design of wind turbines for higher power yield and better durability. The experiments were performed in a large-scale Aerodynamic/Atmospheric Boundary Layer (AABL) wind tunnel under neutral stability conditions. In addition to measuring the power output performance of the SRWT and DRWT models, static and dynamic wind loads acting on the test models were also investigated. Furthermore, a high resolution PIV system was used for detailed near wake flow field measurements (free-run and phase-locked) to quantify the characteristics of the near wake flows and to reveal the transient behavior of the unsteady vortex structures in the wakes of SRWT and DRWT models. In the light of the promising experimental results on DRWTs, this study can be extended further to investigate the turbulent flow in the far wake of DRWTs and utilize multiple DRWTs in different wind farm operations. 
Nomenclature

II. EXPERIMENTAL SET-UP AND PROCEDURE a) AABL Wind Tunnel
Figure 1. The test section of the AABL wind tunnel
The present experimental study was performed in the Aerodynamic/Atmospheric Boundary Layer (AABL) Wind Tunnel located at the Aerospace Engineering Department of Iowa State University. The AABL wind tunnel, as shown in Figure 1 , is a closed-circuit wind tunnel with a test section of 20 m long, 2.4 m wide and 2.3 m high, optically transparent side walls, and a capacity of generating a maximum wind speed of 45 m/s in the test section. Spike structures, chains and/or arrays of wood blocks were installed on the wind tunnel floor at the upstream of the test wind turbine models in order to generate a turbulent boundary layer flow analogous to a typical atmospheric boundary layer (ABL) wind seen in wind farms. The boundary layer growth of the simulated ABL wind under zero pressure gradient condition was achieved by adjusting the ceiling profile of the test section of the wind tunnel.
a) Normalized mean streamwise velocity b) Mean streamwise Turbulence intensity Figure 2. Atmospheric boundary layer wind profiles
The oncoming boundary layer wind velocity profile was fitted by using power law equation, i.e., U (y) = U YG * (Y/Y G ) a , where U YG is the wind speed at a reference (hub) height of Y G , and the value of power law exponent 'a' is associated with the terrain roughness. Figure 2 shows the measured streamwise mean velocity (normalized with the hub height velocity, U hub ) and turbulence intensity profiles of the oncoming flow in the test section for the present study. As shown clearly in Figure 2 , the power law exponent of the curve fitting to the measurement data was found to be a = 0.12, corresponding to the offshore boundary layer wind profile according to the ISO offshore standard (a = 1/8.4), with the measured hub height turbulence intensity around 0.12. GL (Germanischer Lloyd) regulations define a turbulence intensity of 0.12 at the hub height of offshore wind turbines; however, it was found out to be very conservative compared to field measurements. Typical hub height turbulence intensity for offshore wind turbines is around 0.08, indicated by Tong (2002) in 'Wind Power Generation and Wind Turbine Design'.
b) Wind turbine models
The dual-rotor wind turbine (DRWT) models used for the present study was modified from conventional threebladed horizontal axis wind turbine models by adding a second set of blades downwind. Figure 3 shows a schematic of the DRWT model along with a 3-D printed (blades, nacelle and hub) model installed on the floor of the test section. All the wind turbine models used in the present study have the same rotor radius of 127 mm and hub height of 225 mm. With the scale ratio of 1:350, the DRWT models would represent large-scale conventional 2 MW horizontal axis single rotor wind turbines (SRWTs) modified to have a second rotor installed 63.5 mm (corresponding one fourth of the rotor diameter) behind the upwind rotor with a back-to-back configuration. It should be noted that the blockage ratio of the wind turbine models (i.e., the ratio of the turbine blade swept area to the cross-section area of the AABL tunnel) was found to be less than 2%. Thus, the blockage effects of the wind turbine models in the test section would be almost negligible for the present study.
Figure 3. The tested DRWT system, schematics and design parameters
The rotor blades of the model wind turbines used in the present study are made of a hard plastic material by using a rapid prototyping machine. The rotor blades have the same airfoil cross sections and platform profiles as ERS-100 prototype turbine blades developed by TPI Composites, Inc. The rotor blade has a constant circular cross section from the blade root to 5% blade radius (R), and three NREL airfoil profiles (S819, S820, S821) are used at different spanwise locations along the rotor blade. The S821 airfoil profile is used between 0.208R and 0.40R, the S819 primary airfoil is positioned at 0.70R, and the S820 airfoil profile is specified at 0.95R. The downwind rotor blades of DRWT in counter-rotating configuration were modified accordingly using SolidWorks software. In the present study, the rotor blades were mounted on the turbine hub with a pitch angle of 3.0 degrees. Two DC electricity generators (Kysan, FF-050S-07330) were installed (back-to-back configuration) inside the nacelle of the DRWT model, which would produce electricity as driven by the rotating blades. Furthermore, hollow aluminum rods were used for the turbine towers through which the wires associated with the power measurement system travel.
During the experiments, wind tunnel operated at a constant frequency of 5.5 Hz, which provided a freestream velocity of 5.9 m/s. The corresponding chord Reynolds number (i.e., based on the averaged chord length of the rotor blades and the wind speed at the hub height) was found to be significantly lower (Re c < 7000) than those of the large-scale wind turbines in wind farms, causing much lower power coefficient values for the models tested in the wind tunnel. In addition, electrical power output performance of model turbines could be significantly reduced due to copper, magnetic and mechanical losses . However, turbulent wake flow structure characteristics were found to be independent of the chord Reynolds number (Medici and Alfredsson, 2006) . Moreover, the rotating speed of the turbine blades along with the tip speed ratio (TSR) of the model was adjusted by applying different electric loadings to the small DC generator installed inside the turbine nacelle.
c) Measurements systems
The turbine power output measurements were achieved by measuring the voltage outputs of the small DC generators installed in the nacelles of the wind turbines and the corresponding electrical loadings applied to the electric circuits. During the experiments, the voltage outputs of each DC generator were acquired through an A/D board plugged into a host computer at a data sampling rate of 1 kHz for two minutes. The normalized power output of the model wind turbines (i.e., normalized by the maximum power output of the upwind or downwind rotor for SRWT and DRWT systems) were used in the present study for better comparison reasons.
For the wind turbine models used in the present study, aluminum rods were used as the turbine towers to support the turbine nacelles and the rotor blades. Through holes in the wind tunnel floor, the aluminum rods were connected to high-sensitivity force-moment sensors (JR3, model 30E12A-I40) to measure the wind loads (aerodynamic forces and bending moments) acting on the wind turbine models. The precision of the force-moment sensor cell for force measurements is ±0.25% of the full range (40 N). While the force-moment sensor mounted at the bottom of each turbine tower can provide time-resolved measurements of all three components of the aerodynamic forces and the moment (torque) about each axis, only the measured thrust coefficient, C Fx , and bending moment coefficient, C My , are given in the present study. The thrust coefficient (along the streamwise velocity direction) and associated bending moment coefficient were defined by using the expressions of
where ρ is the air density, U is the mean flow velocity at the hub height H. The wind load data were acquired for five minutes at a sampling rate of 1,000 Hz for each tested case. A Monarch Instrument Tachometer was also used to measure the rotation speed of the wind turbine blades.
d) Measurements techniques
Non-Intrusive PIV technique: Particle Image Velocimetry (PIV) technique was used to obtain detailed flow field measurements in the near wake (X/D<2.5) of DRWT and SRWT systems in order to assess the turbulent near wake flow structure characteristics. Figure 4 shows the PIV experimental set-up installed in the AABL wind tunnel. The seeded particles (oil droplets from smoke generator) in the airflow were illuminated by a double-pulsed Nd:YAG laser on a Y/D=0 plane. The thickness of the laser sheet in the measurement regions was about 1.5 mm, and two CCD cameras were used to capture the PIV images on the two measurement regions with an overlapping region of 13 mm length. The CCD cameras and the double-pulsed Nd:YAG laser were connected to a host computer via a digital delay generator so that the timing between laser illumination and image acquisition was adjusted. After Image acquisition, instantaneous PIV velocity vectors were obtained by frame to frame cross-correlation. An interrogation window of 32*32 pixels was employed for each successive frame patterns of PIV images with an effective overlap of 50%. Then, the ensemble averaged flow quantities such as normalized velocity (U/U hub ), normalized Reynolds stress (R uv /U 2 hub ) and normalized Turbulent Kinetic Energy (TKE/U 2 hub ,where TKE=0.5*[u' 2 +v' 2 ]) were obtained from approximately 1000 frames of instantaneous PIV measurements. In the present study, both "free-run" and "phase-locked" PIV measurements were performed during the experiments. Free-run measurements were conducted in order to determine the ensemble averaged flow characteristics (mean Velocity, Reynolds stress and TKE) in the near wake of the wind turbine models. However, phase-locked measurements were conducted to investigate the evolution of unsteady vortex structures in the near wake. For phase-locked measurements, a digital tachometer was used to detect the position of a pre-marked blade so that tachometer generated pulsed signal was used to trigger the PIV system via a digital delay generator. Therefore, different rotation phase angles of pre-marked rotor blade can be achieved by changing the time delay between the input signal from the tachometer and the signal output from the digital delay generator. For each pre-selected phase angle, 345 frames of instantaneous PIV measurements were used to calculate the phase-averaged velocity, vorticity (w ൌ dV dx ൗ െ dU dy ൗ ) and swirling strength (λci) distributions.
Intrusive point-wise measurement (cobra probe) technique: A Cobra Probe Anemometry system was used to measure all three components of instantaneous flow velocity at different measurement points with the help of a motorized traverse system. Other flow quantities such as the turbulence intensity, Reynolds stresses and other higher order terms can also be derived based on the instantaneous measurement results. At each measurement point, data were acquired for 30 seconds at a data sampling rate of 2.5 kHz.
d) Experimental Procedure
Figure 5. Tested wind turbine (SRWT and DRWTs) models
In the present study, three different wind turbine model configurations (SRWT, DRWT with co-and counterrotating concept, see Figure 5 ) were investigated and compared in terms of their power output performances, static and dynamic wind loads acting on them, and the near wake (X/D<2.5) turbulent flow structure characteristics. Furthermore, the effects of rotor-rotor interactions on the individual rotor power output performances as well as on the overall power output performances of both (co-and counter-rotating) DRWT systems were studied in detail.
III. EXPERIMENTAL RESULTS AND DISCUSSIONS
a) Power output performance measurements
As described before, DRWT systems can extract more energy from the oncoming wind due to the addition of a second (downwind) rotor when compared to the SRWT systems. During the experiments, DRWT systems were set to operate in co-and counter-rotating configurations depending on the rotational direction of the downwind rotor. The experimental results associated with both DRWT systems were then compared to those of SRWT system. In the comparison of the power output performances, power output readings were normalized with the maximum power output, which corresponds to an (optimum) electric loading range of 28Ω -29Ω. Figure 6 shows the change in the normalized (by the maximum power output of the SRWT system) power outputs of SRWT and DRWT systems under different electric loading conditions. As it is clearly seen, within the entire electrical loading range, DRWT systems were found to generate at least 47% more power than the SRWT system regardless of the rotational direction of the downwind rotor. When downwind rotor rotation direction is taken into account, DRWT system with counter-rotating configuration could generate up to 60% more power; however, DRWT system with co-rotating configuration could only generate up to 48% more power for an optimum electric loading value of 28.2Ω. Furthermore, the effects of the rotational direction of downwind (back) rotor on the power output performance of downwind (back) rotor and on that of overall DRWT system were also investigated. Thus, the ratios of power outputs (P counter-rotating /P co-rotating ) were calculated for DRWT systems under varying electrical loads, as shown in Figure 7 . It reveals the advantage of counter-rotating configuration over co-rotating configuration for DRWT systems. While the maximum gain from the counter-rotating case could be as high as 23% for the downwind rotor itself, the overall DRWT system was found to generate up to 9% more power than the co-rotating case. The counter-rotating concept suggested for DRWT systems is analogous to the contra-rotating propellers used for marine and aerospace applications. The idea behind that concept is to take advantage of the significant swirl velocity (tangential or azimuthal) component generated in the wake of a rotating component (rotor). Thus, a second rotor installed in the near wake of an upwind one could harness the energy available in the swirl (tangential) flow when rotors rotate at opposite directions. This is due to the fact that the wake induced by the upwind rotor rotates in the same direction as the downwind rotor, thereby providing additional torque associated with the kinetic energy of the swirl flow.
The measurement results reveal the advantage of DRWT systems over SRWT systems. This advantage was found to be enhanced with the counter-rotating configuration. However, although DRWT systems operate with two rotors, the gain over SRWT systems in terms of power generation is not unity (unity corresponds to the twice as much energy generation compared to the SRWT system). The maximum power gain does not even go beyond 63%. Significant power losses (up to 40%) were observed due to the rotor-rotor interactions in DRWT systems. These rotor-rotor interactions are dominant for DRWT systems due to very close spacing of the rotors. The fact that downwind (back) rotor is located in the near wake of the upwind one makes it vulnerable to severe power losses associated with the higher velocity deficits in the wake flow. Figure 8 shows the effect of upwind rotor on the power output performance of the downwind rotor for co-and counter-rotating DRWT systems. Power output readings were normalized with the peak power output condition (i.e., the optimum electric loading being 28.2Ω ) of the downwind rotor. The power production from the downwind rotor itself (in the absence of the upwind rotor -wake free) was found out to be almost independent of the rotational direction of the downwind rotor. This provides for an accurate comparison for the upwind rotor effects on the co-and counter-rotating downwind rotor. As shown clearly in Figure  8 , power losses for downwind rotor could be as high as 40% for the co-rotating case at the peak power output condition; however, for the counter-rotating downwind rotor, power losses is around 25% at the same conditions. The presence of the downwind rotor in the near wake of the upwind one was also found to affect the power output performance of the upwind rotor; however, this effect was clearly not as significant as the effect of the upwind rotor on the downwind one, as shown in Figure 9 . It clearly reveals the fact that upwind (front) rotor power losses are almost independent of the rotational direction of the downwind rotor, and it is around 11% at the peak power output condition.
Therefore, in the light of measurement results, power losses due to rotor-rotor interactions are strongly dominated by the effect of upwind rotor on the downwind one. Moreover, these losses for a DRWT system was found to be mitigated for the counter-rotating case which is consistent with the previous overall power output performance results.
The tip speed ratio (TSR) and power coefficient (C p ) values, as tabulated in Table 1 , support previously mentioned experimental results. Based on these results, DRWT systems were found to generate more power (higher C p ) from the same oncoming boundary layer wind when compared to the conventional SRWT systems, and counterrotating configuration could be utilized to increase the energy harnessing capability from DRWT systems. However, as shown in Table 1 , power coefficient values are much lower than conventional turbine systems due to the fact that model wind turbine systems operate at much lower chord Reynolds numbers, thereby affecting the performance of model wind turbines significantly as suggested by Alfredsson et al. (1982) . Despite that disadvantage, similar tip speed ratio (TSR) values could be reached (within the structural limits of the model wind turbine) for the similarity of wake structure characteristics with the typical three bladed horizontal axis wind turbines.
As previously shown, power output performances of the upwind and downwind rotors were found out to be influenced from rotor-rotor interactions. However, downwind rotor was observed to be more severely affected from these interactions. With this in mind, the power production from the downwind rotor could be augmented by changing the operating conditions of the upstream rotor. Figure 10 and Figure 11 illustrate the influence of different upwind rotor tip speed ratios (TSR) on the power output performance of the co-and counter-rotating downwind rotor. Upwind rotor was operated below (TSR=1.8) and above (TSR=5.7) its optimum TSR of 3.7. As shown in Figure 10 and Figure 11 , the results indicate an enhancement in the power output of both co-and counter-rotating downwind rotor when upwind rotor operated below and above its optimum TSR. This is due to the fact that upwind rotor leaves a relatively high momentum wake flow (or generating less power) behind when operating outside its optimum TSR. Thus, the downwind rotor power losses due to upwind rotor wake could be significantly reduced as in the lower TSR case of upwind rotor in counter-rotating configuration (power loss is less than 20%). It should also be noted that counter-rotating downwind rotor benefits more from the upwind rotor operating at lower TSR than the co-rotating downwind rotor, due to the greater swirl (tangential) velocity induced in the upwind rotor wake (tangential flow factor decreases with TSR).
b) Wind loading measurements
Wind loads on a wind turbine are crucial in terms of the lifetime of the system, and it is also indicative of power output performance of the system due to the fact that both strongly depend on the oncoming boundary layer flow velocity. The most essential wind loads, static or dynamic, acting on a turbine system are associated with the streamwise mean and fluctuating velocity component of the flow. Thus, present study investigates the axial wind loads acting on the turbine systems and corresponding bending moment due to these axial loads for SRWT and coand counter-rotating DRWT systems.
As shown in Table 2 (a), mean (static) wind loads (axial and bending moment) acting on SRWT and DRWT systems are in agreement with the measured power output readings. Adding a second (downwind) rotor increases the wind loads as well as the power output performance for DRWT systems, and the mean wind loads acting on DRWT systems were found to be at least 55 % more than those acting on SRWT systems. Thus, these additional wind loads necessitates much stronger tower and foundation structures, causing higher initial capital costs for DRWT systems. It is also important to note that a DRWT system has only one tower which also has to stand under additional dead loads (weight) of second (downwind) rotor, hub and related extra components in a comparatively bigger nacelle.
Furthermore, the mean wind loads acting on co-and counter-rotating DRWT systems slightly differ from each other, and the wind loads acting on a counter-rotating DRWT system found out to be slightly higher than those acting on a co-rotating system, parallel to the power output performance results.
Although mean wind loads are generally taken into account for the mechanical design of wind turbines, the effects of unsteady flow due to wind shear, atmospheric and wake induced turbulence and associated dynamic (fluctuating) wind loads acting on wind turbine systems are paid more and more attention in recent years for an enhanced fatigue lifetime of the wind turbines operating in turbulent atmospheric boundary layer winds. Based on the time sequences of the instantaneous wind loads acting on the SRWT and DRWT systems, as shown in Table 2 (b), the fluctuation amplitudes of the instantaneous wind loads (the standard deviations of the thrust and bending moment coefficients) acting on DRWT systems were found to be greater (in the range of 17% -25%) than those acting on SRWT systems. Since the downwind rotor is under the direct influence of upwind rotor wake, downwind rotor could be expected to experience much higher fatigue (dynamic) wind loads, resulting a reduced fatigue lifetime for the downwind rotor in a DRWT system. Moreover, the effect of co-and counter-rotation of a DRWT system on dynamic wind loads was observed to be slightly different as in the case of mean wind loads, and the fluctuation amplitudes of the instantaneous wind loads acting on a counter-rotating DRWT system found out to be slightly higher than those acting on a co-rotating system, as shown in Table 2 (b).
c) Near wake PIV measurements -Ensemble averaged results (Free-run)
The near-wake flow field (X/D<2.5) was measured by using a high-resolution PIV system for SRWT and DRWT systems. The measurement field was separated into two regions with an overlap of 13 mm length and two CCD cameras were used to acquire PIV images from the measurement plane (see Figure 12) . As mentioned before, ensemble averaged flow quantities such as normalized mean streamwise velocity along with the normalized velocity deficit, normalized Reynolds stress and added turbulence kinetic energy were obtained from 1000 frames of instantaneous PIV measurements. Figure 13 displays contours of the ensemble-averaged normalized streamwise mean velocity (left), U/U hub , and normalized streamwise mean velocity deficit (right), ∆U/U hub , in the near wake region of different wind turbine configurations obtained from wind-tunnel experiments using PIV technique. From the measurements, there is clear evidence on the velocity deficit in the wake region, caused by the energy extraction from the wind turbine. As expected, the velocity deficit is largest in the wake of DRWT systems, which can be attributed to the existence of an additional downwind rotor. Thus, DRWT systems harness more energy from the oncoming BL flow, thereby producing a wake region with much larger momentum deficits. Furthermore, the distribution of the mean velocity profile in the near-wake of DRWT systems was found out to be affected from the rotational direction of the downwind (back) rotor, leaving slightly higher velocity deficits in the wake of counterrotating DRWT system due to the fact that counter-rotating DRWT system was found to harvest more energy (up to 10%) from the same oncoming boundary layer flow in comparison to the co-rotating DRWT system. This is associated with the significant swirl (azimuthal velocity) contribution from the upwind rotor wake, which provides additional torque for the counter-rotating downwind rotor.
The near wake turbulent flow was found to show highly non-axisymmetric characteristics. In particular, the flow in the vicinity of the rotor (X/D<1.0) was observed to be more complicated and could be affected by rotor characteristics such as, rotor size, configuration and rotor-nacelle-hub interactions. Therefore, the presence of a turbine rotor with its non-rotating components, with no contribution to the energy generation, could significantly affect the flow just behind the turbine. The flow just behind the nacelle and tower is completely blocked and the flow is either stopped or reversed. The PIV results also showed a region with comparatively high streamwise velocity between hub height and blade root sections, extending up to X/D=0.5 or beyond. This is due to the fact that the inner (root) section the blade (closest to the hub) is almost unproductive (no energy generation) and tends to operate as a propeller. However, a sudden drop in the mean streamwise velocity (more pronounced in DRWT systems) was observed starting from the mid-sections of the rotor due to higher energy-harvesting rates on those segments of the rotor. As the downstream distance increases, the strong non-axisymmetric character of the flow is quickly reduced due to strong turbulent mixing caused by the strong shear. Thus, with increasing downstream distance, low momentum zone moves towards the center of the wake and the flow tends to become nearly axisymmetric in the far wake (X/D>2). Furthermore, the non-uniformity of the oncoming flow and the presence of the ground were also found to introduce non-axisymmetry to the mean flow velocity distribution in the wake, as mentioned by Chamorro and Porte-Agel (2009). Thus, they facilitated far wake modeling by using velocity deficit for boundary layer flow so that the distribution becomes axisymmetric and self-similar.
a). SRWT b). DRWT (co-rotating configuration) c). DRWT (counter-rotating configuration)
Figure 15. The contours of the ensemble-averaged normalized TKE production (subtracted from the oncoming flow TKE), ∆TKE/U 2 hub , in the near wake region of SRWT and DRWT systems
Non-uniform character of the oncoming boundary layer flow also influences the turbulent wake flow structure significantly. For a uniform flow, mean shear distribution in the turbine wake could be axisymmetric with strong shear layer (associated with TKE production) at the levels of bottom-tip and top-tip. However, for an oncoming boundary layer flow with non-uniform mean flow velocity distribution, previous experimental and numerical studies showed that maximum TKE production would occur at the top-tip level as a result of strong shear-produced turbulence and turbulence (momentum) fluxes (Hu et al., 2012; Zhang et al., 2012; Porte-Agel et al., 2011; Wu et al., 2012) . TKE production from adjacent wind turbines, especially in large clusters of turbines which are spaced within the optimum range of streamwise and spanwise distances in wind farms, should be taken into account in terms of the dynamic (fluctuating) wind loads acting on the downstream turbines. In addition, turbulence decay rate was found to be slower than the mean streamwise velocity recovery rate (Vermeer et al., 2003) . Thus, it is highly desirable to characterize the turbulence characteristics of the wake flow behind wind turbines in order to provide better conditions and longer fatigue lifetime for turbines in large arrays. Moreover, turbulent fluxes produced due to wake induced turbulence were found to play an important role on the entrainment of energy from the flow above the wind farm (Meyers and Meneveau, 2013) . The present study was performed under the same oncoming flow turbulence conditions in order to reveal the effect of SRWT and DRWT systems on the near wake turbulent flow structures. Figure 15 shows the contours of the ensemble-averaged normalized TKE production (subtracted from the oncoming flow TKE), ∆TKE/U 2 hub , in the near wake region of different wind turbine configurations obtained from wind-tunnel experiments using PIV technique. An obvious enhancement of TKE production was observed at the top-tip level (upper half of the wake) due to the strong shear and momentum flux (towards the wake region). As explained before, it is the result of non-uniform boundary layer flow and the presence of ground. TKE production at the upper half of the wake was found to increase and expand (shear layer expansion) with increasing downstream distance in the near wake. Moreover, higher TKE production levels in the regions (behind the nacelle, tower and rotor section) are believed to be closely related with the flow separation, unsteady vortices and interactions between rotor and non-rotating components of wind turbine.
The measured ensemble-averaged normalized TKE production were also extracted for the quantitative comparison of the PIV results at the top-tip (Y/D=0.5) and hub-height (Y/D=0.0) levels throughout the near wake of SRWT and DRWT systems, as shown in Figure 16 . It is evident from Figure 16 that DRWT systems produce higher levels of turbulence kinetic energy at the top-tip level compared to the SRWT systems. Furthermore, the onset of wake instabilities was observed to be different depending on the system. It is clear that for DRWT systems, the wake instabilities at the top-tip level were introduced earlier than those for SRWT systems. It was also observed that TKE production due to these wake instabilities starts at around X/D=0.75 for co-rotating DRWT system and at around X/D=1 for counter-rotating DRWT system and increases throughout the near wake region. According to Wu et al. (2012) , maximum TKE production can be attained approximately from X/D=2 to X/D=5 depending on the oncoming flow turbulence characteristics. Lignarolo et al. (2013) noted that vortex instability and its breakdown plays an important role on TKE production, and found out that near wake-tip vortices act as a shield preventing the turbulent mixing and TKE production as well (Medici, 2005) . From Figure 15 and Figure 16 , it is also clear that TKE production levels before X/D=0.50, where strong tip-vortices were observed, are comparatively lower.
Moreover, there is an obvious change in the TKE production trend at hub height level with respect to the top-tip level. In particular, at the hub height level, TKE production becomes much smaller throughout the downstream distances and even negative, indicating that the wake flow is actually less turbulent than the oncoming boundary layer flow at that level. This behavior is in parallel to the findings of Chamorro and Porte-Agel (2009), Zhang et al. (2012) and Wu et al. (2012) . Turbulent kinetic energy production at the hub height level of the near wake was also observed to be comparatively lower for counter-rotating DRWT system when compared to the SRWT and corotating DRWT system. Figure 17 shows the power spectra of the streamwise velocity fluctuations at the hub height and top tip levels in the near wake (X/D=0.5 and X/D=2.0) of SRWT and DRWT systems. It clearly shows the turbulent kinetic energy content of the wake flow over a wide range of frequency scales. For an undisturbed oncoming flow, the spectra exhibit a decrease in the low frequency range from the hub height level to the top tip level, as also observed by Chamorro et al. (2012) . As shown in Figure 17 , an enhancement in the turbulent kinetic energy contribution over the full frequency range was observed at the top-tip levels of SRWT and DRWT systems at X/D=0.5 and at X/D=2.0, and shows an increasing trend with downstream distances from X/D=0.5 to X/D=2.0 due to the increased TKE production with shear layer expansion. In particular, near the top tip level of the rotor (X/D=0.5), the corresponding frequencies at the peaks in the power spectra of SRWT and DRWT systems were believed to be the vortex shedding frequencies (3f) related to the rotational frequencies (f) of the rotor. Furthermore, for the hub height level, the spectra exhibit a decrease in the low frequency range and an increase in the intermediate-high frequency range, as compared to the oncoming flow. As X/D increases from 0.5 to 2, the decrease in the turbulent kinetic energy content of the wake flow for the low frequency range was observed to dominate the spectra, and the enhanced turbulent energy content in the intermediate-high frequency range diminishes. At X/D=2, the significant decrease in the TKE production at the hub height level was found to be related to lower TKE content in the low frequency range; however, higher energetic content of the wake flow at the top tip level was associated with a wide range of frequency scales. In general, the results obtained from the power spectra analysis were found to be in good agreement with the TKE results extracted from the PIV measurements. Figure 18 displays the contours of the ensemble-averaged normalized Reynolds shear stress, R uv /U 2 hub , in the vertical streamwise plane, in the near wake region of different wind turbine configurations obtained from wind tunnel experiments using PIV technique. It was seen that higher (positive) levels of Reynolds shear stress occurred at the top tip level analogous to the TKE production, and similarly Reynolds shear stress increased at the top tip level with increasing downwind distance in the near wake. It should also be noted that higher Reynolds stress region expanded along with the shear layer at the top-tip level throughout the wake. Higher levels of Reynolds shear stress was also observed behind the nacelle and root sections of the rotors. Reynolds shear stress distribution in the vertical streamwise plane is very crucial in terms of the wake recovery, and thus higher (positive) levels of Reynolds shear stress at the top tip level entrains high momentum boundary layer flow into the wake, producing a radial momentum flux towards the wake center, as mentioned by Wu et al. (2012) , Calaf et al. (2010) and Cal et al. (2010) . In wind farms, having clusters of wind turbines, wake induced turbulent fluxes help turbine systems extract the energy entrained from the upper high momentum boundary layer flow (Lebron et al., 2012) . Furthermore, Cal et al. (2010) showed that these turbulent kinetic energy fluxes are on the same order of magnitude as the power extracted by the wind turbines in wind farms. Figure 18 reveals the fact that DRWT systems produces much higher levels of Reynolds shear stress at the top tip level compared to the SRWT systems, thus providing higher entrainment flux towards the wake center. This phenomenon suggests that for DRWT systems, wake flows could recover much faster, and especially knowing the fact that they leave much lower momentum zone in their wake, far wake turbulent flow structure characteristics should be further investigated for the feasibility of implementing DRWTs in wind farms. The measured ensemble-averaged normalized Reynolds shear stress was also extracted for the quantitative comparison of the PIV results at the top-tip (Y/D=0.5), as shown in Figure 19 . It was observed that at X/D=2, DRWT systems almost produce twice as much Reynolds stress at the top tip compared to the SRWT system, and no significant difference observed between co-and counter-rotating DRWT systems in terms of the Reynolds stress distribution.
d) Near wake PIV measurements -Phase averaged results (Phase-locked)
Phase locked PIV measurements were carried out to provide "frozen" images of unsteady wake vortex structures at different phase angles. At the phase angle of ɸ = 0.0°, the pre-marked turbine blade was adjusted to be in the most upward position. As phase angle increases, pre-marked turbine blade would rotate out of the vertical PIV measurement plane in counter clock-wise (CCW) direction. Figure 20 , Figure 21 and Figure 22 show the phaselocked averaged PIV measurement results; normalized streamwise velocity deficit (left), vorticity (middle) and swirling strength (right), for SRWT and co-and counter-rotating DRWT systems at various phase angles of ɸ=0.0°, ɸ = 30.0°, ɸ = 60.0°, and ɸ = 90.0.° It should also be noted that for DRWT systems, the upwind rotor was phaselocked while the downwind rotor was rotating freely (free-run) during the measurements.
Higher streamwise velocity deficit zone is evident from the phase locked averaged velocity gradients (strong shear) in the near wake. Towards the wake centerline zone, the velocity deficit would get stronger, and this effect was found to be more pronounced for DRWT systems, as mentioned before. Wave-shaped flow structures due to the periodic shedding of coherent (vortex) structures were also observed at the top tip height of the wake in agreement with the observations of Hu et al.(2012) .
The phase-locked PIV measurements reveal the unsteady wake vortex signatures of both the tip and root vortices. Along with the out-of-plane vorticity component, w ൌ dV dx ൗ െ dU dy ൗ , the swirling strength (λ ci )
parameter was also used for vortex identification and characterization. Since, the wake flow contains strong shear, and vorticity cannot really distinguish between shear and the actual swirl, swirling strength (λ ci ) was calculated from the wake flow field in order to clearly illustrate the existence of vortices (Kolar, 2007) . The tip vortices were formed between the oncoming freestream and the wake flow in the strong shear region at the top-tip level. As the phase angle increased, the tip vortices were found to shed from the tip of the turbine blades. Interestingly, secondary vortices were also observed to shed in the vicinity of Y/D=0.35 region, and these vortices were found to be comparatively stronger than the tip vortices. This could be associated with the rotor blade design and its shape. Furthermore, those tip and secondary vortices (w z <0.0, rotating in the opposite direction with respect to the upwind rotor) became weaker with the downwind distances due to viscous dissipation, turbulent mixing and wake instabilities. In addition, root vortices (w z >0.0, rotating in the same direction with respect to the upwind rotor) were also found to exist closer to the rotational axis (Y/D<0.15).
The tip and root vortices contains the wake induced velocity components both in the direction of and opposing the mean streamwise flow (Sherry et al., 2013) . The relative velocity vectors (after subtracting the local velocity at the center of the root and tip vortices) at a phase angle of ɸ = 0.0° in the near wake of SRWT system were also given in Figure 23 to clearly demonstrate the vortex formation.
The vorticity created within the nacelle boundary layer was also observed immediately adjacent to the nacelle in agreement with the findings of Sherry et al. (2013) , and it has opposite sign with respect to the root vortices. Furthermore, Sherry et al. (2013) attributed the rapid destruction of root vortices to the presence of the vortices with the opposite sign within the nacelle boundary layer.
For DRWT systems, the maximum absolute values of vorticity for shedding tip and secondary vortices were found to be stronger than those for the SRWT system. This is mainly due to the contribution of dU/dy term in vorticity equation which is associated with the vertical velocity gradient. Thus, greater velocity deficits would cause greater gradients in the vertical direction, as in the case of DRWT systems. However, no significant difference was observed on the maximum absolute vorticity values of co-and counter-rotating DRWT systems. Furthermore, swirling strength criterion was also applied to quantify the strength of the local swirling motion inside the vortex. As suggested by Zhou et al. (1999) , the imaginary part of the complex eigenvalue of u was used to quantify the swirling strength. The swirling strengths for shedding tip and secondary vortices were also found to be greater for DRWT systems, with no significant difference between co-and counter-rotating DRWT systems, in agreement with the vorticity results. Moreover, vortex instability and its breakdown, due to vortex-vortex interaction and vortex diffusion, was observed to start earlier for DRWT systems in agreement with the TKE production results.
The strength of root vortices introduced in the near wake of the counter-rotating DRWT system was observed to be weaker due to cross-annihilation of root vortices from upwind and downwind rotors. Thus, corresponding TKE production levels obtained closer to the rotor was found to be relatively lower for counter-rotating DRWT in comparison to SRWT and co-rotating DRWT systems. 
IV. CONCLUSION
A comprehensive experimental study was conducted to investigate the performance of different dual-rotor horizontal axis wind turbine models (DRWTs with co-and counter-rotating configurations) in comparison to single rotor models (SRWTs) in order to elucidate the underlying physics to explore/optimize design of wind turbines for higher power yield and better durability. The experiments were performed in a large-scale Aerodynamic/Atmospheric Boundary Layer (AABL) wind tunnel under neutral stability conditions. In addition to measuring the power output performance of DRWT and SRWT systems, static and dynamic wind loads acting on those systems were also investigated. Furthermore, a high resolution PIV system was used for detailed near wake flow field measurements (free-run and phase-locked) so as to quantify the near wake turbulent flow structures and observe the transient behavior of the unsteady vortex structures in the wake of DRWT and SRWT systems.
The measurement results revealed that the power production performance of DRWTs along with the static and dynamic wind loads acting on the system was found to be much higher compared to the single rotor (SRWT) system. Furthermore, the rotational direction of the rotors in DRWT systems would affect the power output performance of DRWTs and the static and dynamic wind loads acting on the system. The counter-rotating DRWT system, in which rotors rotate at opposite directions, was found to harvest more energy than co-rotating DRWT system. This is due to the fact that a second rotor installed in the near wake of an upwind one could harness the additional energy available in the swirl (tangential) flow when rotors rotate at opposite directions. Thus, the power production from the downwind rotor increases as it exploits the additional energy associated with the swirl flow thereby increasing the overall power production from DRWT system. Although DRWT systems were found to improve the power production performance, higher static and dynamic wind loads acting on those systems would result in higher construction costs and shorter fatigue lifetime.
The near wake turbulent flow structure behind SRWT and DRWT systems were also investigated by free-run and phase-locked PIV measurements. Free-run PIV measurements were conducted to determine the ensembleaveraged flow statistics such as mean streamwise velocity, TKE production and Reynolds shear stress in the near wake. It was found that largest velocity deficits were found to occur in the near wake of DRWT systems as they harness more energy from the oncoming boundary layer wind. As expected, high Reynolds shear stress and TKE production levels were found to concentrate on the top-tip levels of the wake in agreement with the previous studies. Furthermore, DRWT systems were found to produce much higher Reynolds shear stress and TKE at the top tip level compared to the SRWT system with no significant difference between co-and counter-rotating configurations. In particular, higher Reynolds shear stress in the top tip wake of DRWT systems would provide greater vertical turbulent kinetic energy (momentum) flux into the central wake region. Thus, wake flows could recover much faster for DRWT systems, and especially knowing the fact that they leave much lower momentum zone in their wake compared to the SRWT systems, far wake turbulent flow structure characteristics should be further investigated for the feasibility of implementing DRWTs in wind farms. Phase-locked PIV measurements were also carried out to characterize the tip and root vortex structures in the wake of SRWT and DRWT systems. Vorticity (w z ) and swirling strength (λ ci ) were used for vortex characterization and identification. The present results indicate vortex formation at the top-tip level in the strong shear layer. A secondary and much stronger (compared to the tip vortices) vortex formation was also observed in the vicinity of Y/D=0.35 region. The maximum values of vorticity and swirling strength for shedding tip and secondary vortices were found to be greater in DRWT systems, with no significant difference between co-and counter-rotating configurations, when compared to those in SRWT system. In addition, wake instabilities were found to be introduced earlier, and more intense in DRWT systems in the light of free-run and phase-locked PIV measurements.
Furthermore, the counter rotation of rotors in a DRWT system was found to weaken the root vortices, due to cross-annihilation of vortices from upwind and downwind rotor, which significantly reduces the TKE production in the region between the blade root section and hub height.
Future research will focus on the investigation of the far wake structures and characteristics of SRWT and DRWT systems and utilization of DRWTs in wind farm operations in order to draw conclusions on the feasibility of using DRWTs for large scale wind farm applications.
